Associative learning is widespread in the animal kingdom (Giurfa, 2007) , as it allows 4 6 individuals to make predictions about stimuli surrounding them and their potential meaning and have evolved what can be considered among most advanced and complex societies. generalisation (Bos et al., 2011) . Ants were successfully trained to associate a long-chain 1 0 9 hydrocarbon to sucrose reward. In subsequent choice tests, these ants generalised to a novel 1 1 0 hydrocarbon only when the chain length of the novel hydrocarbon was shorter than that of the 1 1 1 conditioned one, while they discriminated between the two molecules when the test hydrocarbon had a longer carbon chain than the hydrocarbon previously associated with 1 1 3 sucrose. Similarity among stimuli was therefore not only depending on their structure, but previously observed in honeybees (Guerrieri et al., 2005a; 2005b; Sandoz et al., 2001 ). By using only four training trials, individual ants could be conditioned to all substances used 2 7 7 in this study, independently of chain length and functional group. After conditioning, about 2 7 8 80% of the trained individuals responded to the conditioned stimulus in a non-reinforced test.
7 9
In the case of single substance learning, the significant interaction between trial number and 2 8 0 conditioned stimulus (CS) suggests that the efficacy of learning is dependent on the 2 8 1 conditioned stimulus. Indeed, acquisition was faster when 2-octanone or 1-octanol was the 2 8 2 CS. Despite the fact that some substances are learned more efficiently than others, during the 2 8 3 subsequent test the response to all substances was comparable. Thus, the rate of acquisition 2 8 4 did not significantly influence the response during the test, suggesting that a plateau (maximum level of learning) can be reached with four training trials. However, when the CS was not a single substance, but a binary mixture, significant differences in response during the 2 8 7 test were found, suggesting that some mixtures are learned better than others. The response to single substances after absolute conditioning to a single substance yielded a significant interaction between chain length and functional group, indicating that the effect of functional group is dependent on whether the chain length is 2 9 1 shorter or longer. Indeed, generalisation (i.e. treating different stimuli as similar) mostly 2 9 2 occurs when not only the functional group is similar, but also when the chain length of the test occur equally between substances, but depends on the animal's learning experience is named 2 9 5 asymmetric generalisation. Asymmetry in generalisation has previously been described in honeybees for volatile substances (Guerrieri et al., 2005a; 2005b; Sandoz et al., 2001 ) and in ants for long-chain hydrocarbons (Bos et al., 2011) . Asymmetrical generalisation can be explained by the inclusion criterion model (Bos et al., 2011; Guerrieri et al., 2009) , where 2 9 9 generalisation occurs when the novel stimulus is, during detection or perception, 'included' in 3 0 0 the conditioned stimulus, e.g. a shorter substance is treated as a longer substance of the same 3 0 1 kind. In a previous work, we found that two long chain hydrocarbons are generalised only 3 0 2 when the chain length of the test stimulus is shorter than that of the conditioned stimulus (Bos that not only the chain length of the TS has to be shorter than that of the CS, but also the 3 0 5 functional group of the two substances has to be similar for generalisation to occur. A special case appears to be 2-octanone: no matter what the CS was,
generalisation towards 2-octanone occurred in every case, which suggests that this odorant , 1968) , and 3-octanone, but not 2-octanone, has been described as a component of the 3 1 1 alarm pheromone of Camponotus schaefferi (Duffield and Blum, 1975) ; whether this is also CS+ over the CS-, and preference for the CS+ over a novel stimulus, while the novel stimulus 3 1 6 would be preferred over the CS-. When 2-octanone was the novel stimulus, however, the CS-
was preferred over it (Josens et al., 2009 ). In our case, instead of showing an inhibitory effect,
generalisation to 2-octanone was more frequent than expected. This implies that similarity in 3 1 9 the neural representation of two odorants is not purely based on their chemical similarity, but receptor protein, which would be narrowly tuned, no generalisation towards other odours would be expected when 2-octanone was presented as the CS, and this is indeed what we find.
2 4
However, when 2-octanone was presented as the TS, generalisation occured regardless of the 3 2 5 CS. This generalisation would not be expected, and we therefore assume that 2-octanone is 3 2 6 likely not detected by a specific pheromone receptor protein in C. aethiops. 3 2 7 When ants were conditioned to single substances and tested with binary significant, while the effect of functional group was not. Indeed, generalisation towards the occurs when a primary alcohol (1-octanol, 1-hexanol) is the conditioned stimulus. When instead an aldehyde (octanal, hexanal) is the conditioned stimulus, presentation of a mixture of the CS and a primary alcohol inhibits response. When a secondary ketone (2-octanone, 2-
hexanone) is the conditioned stimulus, presentation of a mixture of the CS and either a 3 3 7 primary alcohol or aldehyde will inhibit the response. These results allow us to establish a 3 3 8 hierarchy, where alcohols are the most salient substances, followed by aldehydes, while 3 3 9 secondary ketones are the least salient. These primary alcohols, besides being plant odours, 3 4 0 may also occur as components of the alarm pheromone in some ants (e.g. Oecophylla 3 4 1 longinoda, Bradshaw et al., 1975) and in the honeybee (e.g. Kraus, 1990 ; Wager and Breed, The fact that secondary ketones are treated as more similar to aldehydes than 3 4 4 alcohols is possibly a result of the similarity in functional group, as both aldehydes and cases, however, an overshadowing effect was found. These mixtures were "1-octanol/2-
hexanone", "1-hexanol/hexanal" and "1-hexanol/2-hexanone", all involving a primary
alcohol, thus indicating that this class of substance can produce an overshadowing effect by between the components. These three cases thus have more in common with the "key odorant mixtures. Further studies using mixtures containing more than two components (cf. Reinhard It is worth noting that the level of generalisation from the conditioned odour to 3 6 8 the mixture containing the CS, and from the mixture to the single components is always lower 3 6 9 than the response to the CS alone, and that the amount of difference in generalisation depends
on the specific combination of the odours (e.g. when 1-octanol is the CS, and the mixture of
The Journal of Experimental Biology -ACCEPTED AUTHOR MANUSCRIPT 1-octanol and octanal is the TS, the response to the TS is lower than to the CS. Also, when the 3 7 2 mixture of 1-octanol and octanal is the CS, and the individual components are tested, response
to the CS is higher than to the individual components). This suggests that there is some only partially similar to the quality of the single components (e.g. Deisig et al., 2003) . This
phenomenon has previously been found in rats (Linster and Smith, 1999) , and implies a weak remain at present unexplored. Task unevenness, for instance, which is the difference of In conclusion, we found a hierarchy of saliencies, where primary alcohols are 3 8 4 the most salient, followed by aldehydes and secondary ketones respectively. It remains to be 3 8 5 investigated whether this is a mere side effect of the neurophysiological mechanisms 3 8 6 underlying detection and perception by the ant, or whether it has an adaptive value.
8 7
Investigating the occurrence and function of the different types of substances present in the The present study, together with our previous results (Bos et al., 2011) , provides a 3 9 1 fundamental step forward to unravel the mechanisms and function of asymmetry in 3 9 2 generalisation. We predict that the inclusion criterion might originate at two different levels: sensitive to shorter compounds (i.e. 1-hexanol), but not to longer ones, as shorter molecules can fit into binding pockets of OBPs tuned to longer molecules, but longer molecules will not 3 9 6 fit into binding pockets of OBPs tuned to shorter molecules; 2) glomerular activation patterns
in the antennal lobe of longer compounds could 'include' the activation patterns of shorter 
( average response during the test (T) for conditioned stimuli with a 6 carbon chain (a) and 8 stimulus (LRT, χ 2 =18.87, df=5, P<0.01) was found, suggesting that some substances (e.g. number (GLMM, z=16.46, P<0.001) . During the test phase, there was a significant effect of 
